The genes for axin inhibition protein 2 (AXIN2), msh homeobox 1 (MSX1), and paired box gene 9 (PAX9) are involved in tooth root formation and tooth development. Mutations of the AXIN2, MSX1, and PAX9 genes are associated with non-syndromic oligodontia. In this study, we investigated phenotype and AXIN2, MSX1, and PAX9 gene variations in two Mexican families with non-syndromic oligodontia. Individuals from two families underwent clinical examinations, including an intra-oral examination and panoramic radiograph. Retrospective data were reviewed, and peripheral blood samples were collected. The exons and exon-intronic boundaries of the AXIN2, MSX1, and PAX9 genes were sequenced and analyzed. Protein and messenger RNA structures were predicted using bioinformative software programs. Clinical and oral examinations revealed isolated non-syndromic oligodontia in the two Mexican families. The average number of missing teeth was 12. The sequence analysis of exons and exon-intronic regions of AXIN2, MSX1, and PAX9 revealed 11 singlenucleotide polymorphisms (SNPs), including seven in AXIN2, two 4447 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 12 (4): 4446-4458 (2013) AXIN2, MSX1, and PAX9 SNPs and oligodontia in MSX1, and three in PAX9. One novel SNP of MSX1, c.476T>G (Leu159Arg), was found in all of the studied patients in the families. MSX1 Leu159Arg and PAX9 Ala240Pro change protein and messenger RNA structures. Our findings suggested that a combined reduction of MSX1 and PAX9 gene dosages increased the risk for oligodontia in the Mexican families, as in vivo investigation has indicated that interaction between Msx1 and Pax9 is required for tooth development.
INTRODUCTION
Agenesis of permanent teeth is one of the most common craniofacial congenital anomalies, with an overall incidence ranging from 1 to 9% of the population if missing 3rd molars are excluded (Schalk-van der Weide et al., 1992; Stockton et al., 2000; Gabris et al., 2001) . Oligodontia is defined as the absence of six or more teeth excluding 3rd molars. Tooth development is regulated by epithelial-mesenchymal interactions and their reciprocal molecular signals. These interactions involve a complex network of numerous molecules including growth factors and transcription factors (Thesleff and Sharpe, 1997) . Although the etiology of tooth agenesis is not fully understood, studies in humans and mice have demonstrated over 200 candidate genes that are active in tooth development (Nieminen et al., 1998) .
Currently, three mutations of the axin inhibition protein 2 (AXIN2), msh homeobox 1 (MSX1), and paired box gene 9 (PAX9) genes are often associated with tooth agenesis. Mutations in the AXIN2 gene cause oligodontia as well as a predisposition to colorectal cancer (Lammi et al., 2004) . AXIN2 plays a critical role in the regulation of beta-catenin stability in the Wnt signaling pathway. Human AXIN2 mutations associated with oligodontia have been reported (Lammi et al., 2004; Mostowska et al., 2006a; Bergendal et al., 2011) . The MSX1 and PAX9 genes encode homeodomain transcription factors expressed in the mesenchyme during the initial stages of dental development in response to epithelial signals (Mackenzie et al., 1991; Neubuser et al., 1995) . Studies have also shown that MSX1 and PAX9 gene mutations are associated with tooth agenesis (Vastardis et al., 1996; Stockton et al., 2000; van den Boogaard et al., 2000; Frazier-Bowers et al., 2002; Lidral and Reising, 2002; Das et al., 2003; De Muynck et al., 2004; Jumlongras et al., 2001 Jumlongras et al., , 2004 Klein et al., 2005; Chishti et al., 2006; Kim et al., 2006; Tallon-Walton et al., 2007; Bergendal et al., 2011; Suda et al., 2011) . Because the symptoms in two Mexican families studies were similar to those of non-syndromic oligodontia, we hypothesized that mutations of the AXIN2, MSX1, and PAX9 genes were associated with these cases. In the present study, we characterized the phenotype and performed mutational analysis of these three genes through sequencing analysis of the coding and adjacent intronic regions in two Mexican families with isolated non-syndromic oligodontia.
MATERIAL AND METHODS

Patients
Two Mexican families with oligodontia were enrolled in this study to sequence the Y.D. Mu et al.
AXIN2, MSX1, and PAX9 genes. The subjects were pediatric patients of the Department of Developmental Dentistry at the Dental School of the University of Texas Health Science Center at San Antonio (Texas, USA). The participants, and their parents if necessary, signed informed consent forms. The protocol of the study was reviewed and approved by the ethics committee of University of Texas Health Science Center at San Antonio. Physical and dental examinations were carried out on 11 individuals from the families. Pedigree construction was carried out through interviews and clinical examinations (Figure 1 ). An intra-oral examination was performed to assess the presence of teeth, tooth sizes, tooth morphology, and enamel abnormalities. Panoramic radiographs of available family were taken to assess dental development. Extra-and intra-oral pictures of the probands were taken. A thorough clinical examination of other tissues of ectodermal origin, including the skin, hair, nails, sweat glands, ears, and eyes, was carried out. 
DNA sequencing analysis
Peripheral blood samples were collected from 10 family members (four in family 1 and six in family 2) and 50 healthy Mexicans as negative controls. Genomic DNA was extracted from whole blood using a Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA), Polymerase chain reaction (PCR) was used to amplify the coding exons and adjacent intronic sequences of the AXIN2, MSX1, and PAX9 genes. The primer sequences and annealing temperatures used to amplify the three genes are listed in Tables 1-3 . PCR amplification products were analyzed on 1% agarose gels and purified using a QIAquick PCR Purification Kit (Qiagen Inc., Valencia, CA, USA). DNA sequencing was performed at the University of Texas at Austin Institute for Cellular and Molecular Biology core facilities (USA). Sequencing results and consensus sequences from the National Center for Biotechnology Information human genome database were compared using the SeqManII program from the Lasergene package (DNAStar Inc., Madison, WI, USA). Mutation description followed the nomenclature recommended by the Human Genomic Variation Society. changes in function were predicted with two web server tools: PolyPhen (http://genetics.bwh. harvard.edu/pph/) and SIFT (http://www.blocks.fhcrc.org/sift/SIFT.html). Computational two-dimensional models of AXIN2, MSX1, and PAX9 proteins were constructed with the bioinformatics tool DNASIS v2.5. Secondary structures of the full-length AXIN2, MSX1, and PAX9 mRNAs were predicted using the program GeneBee (http://www.genebee.msu. su/genebee.html).
Statistical analysis
Data analysis with the chi-square test was used to determine significant differences in the number of missing teeth.
RESULTS
Phenotype analysis
Clinical and oral examinations revealed no birth defects such as orofacial cleft, craniofacial malformation, or colorectal disease. No ectodermal abnormalities of nails, hair, skin, or sweat glands were present in the 11 individuals examined in the families, indicating an isolated non-syndrome oligodontia. Pedigree analysis is shown in Figure 1 .
Six of the 8 affected members in the families revealed multiple missing teeth (Table  4) . In family 1, three affected individuals had absent permanent 1st and 2nd molars in all four quadrants to various degrees in addition to missing premolars and incisors, whereas in family 2, only subject III:1 lacked two mandibular 1st molars; other affected members had mainly missing premolars or incisors. For the 3rd molars, subjects II:2 in family 1 as well as III:1 and III:2 in family 2 were too young to confirm. Excluding 3rd molars, the average number of missing teeth was 14 in family 1, and the average number of missing teeth was 7 in family 2. Figure 2A -D shows the panoramic radiographs and extra-oral and intra-oral photographs of the probands from the families. 
Genotype analysis
The sequence analysis of exons and exon-intron boundaries of the AXIN2, MSX1, and PAX9 genes in 10 members of the families revealed 11 SNPs (Table 5) (Figure 3A ), but not in healthy individuals ( Figure 3B ). AXIN2 P455P and P462P as well as PAX9 H239H were synonymous, whereas AXIN2 P50S, PAX9 A240P, and MSX1 L159R were missense SNPs. Four SNPs were observed in intron regions of the AXIN2 gene and may influence RNA splicing. One SNP was found in the 3' untranslated region of the MSX1 gene. Using NEBCutter V2.0, we found that these SNPs change restriction enzyme sites (Table 6 ). CT L159R  TG T  TG TG  TG  TG  TG  TG  TG TG  2 c.912+67C>T 
Analysis of MSX1 and PAX9 protein and mRNA structures
We predicted protein secondary structures of the MSX1 c.476 T/T (159L) and c.476 G/G alleles (159R) using DNASIS v2.5. These results demonstrated that the protein secondary structure of the MSX1 c.476 T allele was different from that of the c.476 G allele ( Figure  4A-B) . Also, the substitution of the c.476 T>G SNP changed mRNA structures and free energy ( Figure 4C-D) . Furthermore, the SNP of PAX9 c.718G>C (A240P) altered protein and mRNA secondary structures (Figure 5A-D) . 
DISCUSSION
In this study, exons and junctions between exons and introns of the AXIN2, MSX1, and PAX9 genes were sequenced and analyzed in two Mexican families with isolated non-syndromic oligodontia. Eleven SNPs were identified in the families, including three synonymous SNPs and three missense mutations. The MSX1 c.476 T>G (L159R) and PAX9 c. 718 G>C (A240P) SNPs changed protein and mRNA structures, respectively. . At codon 240, alanine (A) substituted with proline (P) changes the protein secondary structure, as observed using DNASIS v2.5. The helix structure of the G/G allele of PAX9 (c.718G>C, A240P) was changed to the turn structure of the C/C allele of PAX9 (c.718G>C, A240P). The differences between the secondary structures of these PAX9 SNPs are indicated by arrows. C.-D. PAX9 c.718G>C SNP also leads to changes in mRNA secondary structure and free energy. Some differences between the secondary structures of the G/G and C/C alleles of these PAX9 SNPs are indicated by arrows.
AXIN2, MSX1, and PAX9 SNPs and oligodontia
Mutations of the AXIN2, MSX1, and PAX9 genes have been associated with tooth agenesis and other diseases (Vastardis et al., 1996; Stockton et al., 2000; van den Boogaard et al., 2000; Jumlongras et al., 2001; Lammi et al., 2004; Mostowska et al., 2006a; Bergendal et al., 2011) . AXIN2 codes for protein downregulation of Wnt-signaling at specific stages and plays critical roles during early craniofacial development. Mutations in AXIN2 lead to the absence of most permanent molars, premolars, lower incisors, and upper lateral incisors. By contrast, the upper central incisors are always present (Mostowska et al., 2006a; Bergendal et al., 2011) . In addition to oligodontia, AXIN2 mutation also predisposes individuals to colorectal cancer (Lammi et al., 2004) . Recently, AXIN2 polymorphisms have been reported to be associated with a risk of hypodontia.
Callahan et al. (2009) studied 167 tooth agenesis patients from two cohorts: 116 from Rio de Janeiro, Brazil, and 55 from Turkey. The authors found that SNP c.148C>T (P50S) was significantly associated with tooth agenesis in the Brazilian cases and partly associated with haplotype in the combined Brazilian-Turkish populations with at least one missing incisor. Gunes et al. (2009) investigated 100 lung cancer patients and 100 healthy individuals in a Turkish population and found that the c.148C>T (P50S) SNP had a statistically significant association with lung cancer. However, Mostowska et al. (2006a) studied 55 unrelated white patients with selective tooth agenesis and 102 healthy individuals and found no association between the AXIN2 c.148 C>T (P50S) SNP and tooth agenesis, but individuals carrying the c.956+16G and c.2062T alleles had an increased risk of selective tooth agenesis. Furthermore, the c.1386C>T (P462P) SNP of AXIN2 has been significantly associated with astrocytoma in a Turkish population (Gunes et al., 2010) . In the present study, 100% of the studied patients carried either the CT or TT genotype of the AXIN2 c.148C>T SNP and either the CT or TT alleles of the AXIN2 c.1386C>T SNP, respectively. Whether the c.148C>T and c.1386C>T variations are linked to oligodontia in the Mexican population needs to be investigated further in a large sample size.
The sequence analysis of exons and exon-intron boundaries of the MSX1 gene performed in the families revealed two polymorphisms: c.912+67 C>T, located in the untranslated region, and a novel missense variant, c.476T>G, L159R. A single-nucleotide transversion from T to G in MSX1 exon 2 resulted in the replacement of leucine by arginine at codon 159. Leucine is a hydrophobic amino acid, whereas arginine is a basic amino acid. This substitution (c.476T>G, L159R) changed MSX1 protein and mRNA secondary structures. The TG allele accounted for 100% of the six patients tested in the families, implying that MSX1 c.476T>G may be a risk factor for oligodontia in the families.
Several recent studies have shown that PAX9 polymorphisms in the promoter and coding regions might be associated with oligodontia (Kobielak et al., 2001; Peres et al., 2005) . In this study, we observed two SNPs of the PAX9 gene, c.717C>T and c718G>C, which have been identified in other oligodontia families (Mostowska et al., 2006b; Pawlowska et al., 2010) . PAX9 c.717C>T is a silent mutation (H239H), whereas the c.718G>C transversion in exon 4 resulted in the replacement of alanine by proline at codon 240. Proline has a unique structure because of the bonds between its side chain and nitrogen atom of the main chain and α-carbon. In our study, the c.718G>C (A240P) variant affected mRNA and protein secondary structures. Pereira et al. (2006) have found that a common polymorphism (c.718C>T [A240P]) in the PAX9 gene is probably functional and could be associated with 3rd molar agenesis and its various distributions worldwide. The same results have been reported by Kula et al. (2008) .
Furthermore, Paixão-Cortes et al. (2011) have observed that the PAX9 A240P SNP may be related to recessive inheritance of non-syndromic dental agenesis in a Brazilian family. Furthermore, Wang et al. (2011) have found that the PAX9 A240P mutation is a risk factor for oligodontia in a Chinese Han population. Pawlowska et al. (2010) have reported that the PAX9 A240P mutation in sporadic oligodontia was polymorphic in many African, American, and European subpopulations, but the authors did not establish the presence or absence of an association between this mutation and the PAX9-associated phenotype. The discrepancy of the above results might be explained by population diversities that may cause inconsistency, as genetic polymorphisms often show ethnic variations.
Conversely, the great discrepancy between the high incidence of tooth agenesis and the relatively small number of findings implies that tooth agenesis may be a much more heterogeneous trait. The combination of two or more gene polymorphisms in tooth agenesis patients could cause changes in gene structures and protein-protein interactions as well as a reduction in gene dosages, thereby leading to specific phenotypes (Vieira et al., 2004) . Pax9 and Msx1 are co-expressed during craniofacial development (Mackenzie et al., 1991; Neubuser et al., 1995) . Mice with a single homozygous mutation of either the Pax9 or the Msx1 gene exhibit early arrest of tooth development (Satokata and Maas, 1994; Peters et al., 1998) . In vitro studies have demonstrated that PAX9 interacting with MSX1 requires downregulated gene expression during tooth formation . In contrast to humans, mice with a heterozygous Pax9 or heterozygous Msx1 loss-of-function mutation do not display tooth formation defects, indicating that different gene dosages are required for tooth development. Recently, Nakatomi et al. (2010) have observed that a synergistic interaction between Pax9 and Msx1 in vivo is required for mouse tooth morphogenesis. The authors also found that Pax9 +/-and Msx1 +/-double heterozygous mutations interfere with incisor development during initiation, morphogenesis, and differentiation in mice. Furthermore, the expression of Shh, Bmp2, Bmp4, Fgf3, and Fgf10 genes was reduced in the teeth of these Pax9 and Msx1 double heterozygous mice.
In this study, we observed several SNPs of the MSX1 and PAX9 genes -in particular, MSX1 c.476T>G (L159R) and c.718G>C (A240P) -in two Mexican oligodontia family members. These SNPs changed the protein and mRNA structures of the genes. These structure variations may contribute to alterations in protein-protein interactions between PAX9 and MSX1 as well as reduce gene dosages of these proteins, thereby causing functional changes for tooth development. Our data implied that a combined reduction of PAX9 and MSX1 gene dosage may be a risk factor for tooth agenesis. However, the confirmation of genotype dosages/phenotype corrections requires additional research.
